Myocyte enhancer factor 2 (MEF2) transcription factors play pivotal roles in cardiac, muscle, and neuron gene expression. All products of MEF2 genes have a common amino-terminal DNA binding and dimerization domain, but the four vertebrate MEF2 gene transcripts are alternatively spliced among coding exons to produce splicing isoforms. In MEF2C alone, alternative splice acceptors in the last exon give forms that include or exclude a short domain that we designate ␥. We show that MEF2C is expressed exclusively as ␥؊ isoforms in heart tissue and predominantly as ␥؊ in other adult tissues and in differentiating myocytes. MEF2C ␥؊ isoforms are much more robust than ␥؉ forms in activating MEF2-responsive reporters in transfected fibroblasts despite indistinguishable expression levels, and they better synergize with MyoD in promoting myogenic conversion. One-hybrid transcription assays using Gal4-MEF2C fusions give similar distinctions between ␥؊ and ␥؉ isoforms in all cell types tested, including myocytes. Cis effects of ␥ on MEF2C DNA binding, dimerization, protein stability, or response to CaM or p38 mitogen-activated protein kinase signaling are not apparent, and the isolated ␥ domain represses transcription when fused to Gal4. One phosphoserine residue is present within the ␥ domain according to tandem mass spectrometry, and mutation of this residue abolishes ␥-mediated transrepression. A similar activity is present in the constitutive ␥ domain and serine phosphoacceptor of MEF2A. Our findings indicate that ␥ functions autonomously as a phosphoserine-dependent transrepressor to downregulate transactivation function of MEF2 factors and that alternative splicing and serine phosphorylation converge to provide complex combinatorial control of MEF2C activity.
Myocyte enhancer factor 2 (MEF2) proteins are members of the MADS (MCMI, agamous, deficiens, serum response factor)-box family of transcriptional regulators (5) . MEF2 was originally recognized as a sequence-specific DNA binding activity at conserved elements in the promoters of various genes encoding muscle structural proteins and as products of cDNAs encoding proteins related to serum response factor (42, 52) . Four distinct vertebrate genes encoding MEF2 forms were subsequently recognized, MEF2A, MEF2B, MEF2C, and MEF2D (7, (27) (28) (29) . Initial studies of MEF2 largely considered a role in myogenesis, but a wider province is now appreciated. Thus, MEF2 target genes include those encoding structural proteins, transporters and metabolic enzymes of muscle, and effectors of stress signaling (5, 16, 36) . In addition, although specific MEF2 gene targets relevant to neuronal function remain to be determined, MEF2 proteins interact directly with neuron-specific transcription factors and have been shown to play a critical role in programmed cell death in this cell type (13, 26, 39) .
Regulation of MEF2 function is complex and occurs at many levels. Abundance of MEF2 proteins is controlled at transcriptional (47) , translational (4) , and degradation (40) steps. The transactivation function of MEF2 proteins is regulated by various means, including through protein-protein interactions with other transcription factors (21, 25, 34, 48) and transcriptional coregulators (19, 31, 33, 45, 50) ; via phosphorylation by mitogen-activated protein kinases (MAPK) (18, 53) and cyclindependent kinase 5 (cdk5) (13) ; and by determinants of MEF2 and coregulator subcellular localization, including calcium-dependent effects on MEF2 interactors and interactions (9, 19, 32, 38) .
The four MEF2 genes are differentially expressed spacially and temporally during development and in mature tissues (12) . MEF2 isotype functions partially overlap, but distinct roles for the different genes remain to be fully elucidated and understood. Murine gene disruption studies provide genetic evidence in support of discrete MEF2 isotype-specific functions (24, 37) . Thus, mef2-c null mice die at embryonic day 9 due to failure of cardiac development, and the animals also exhibit vascular defects (23, 24) . In the mef2-c Ϫ/Ϫ mouse embryo, there is selective underexpression of only a subset of cardiac contractile proteins whose genes are regulated by MEF2. Since the other mef2 genes are expressed at normal or supraphysiologic levels in the mef2-c null animals, the lack of compensation by these forms indicates a unique role for mef2-c in cardiac development. mef2-a null mice survive to the neonatal period, or in some cases to adulthood, but severe myocardial mitochondrial defects are present that predispose to sudden death (37) . Expression of the other mef2 genes is upregulated in these animals, again indicating lack of compensation in vivo for selective MEF2 gene loss. At present it is not clear whether MEF2 isotype-selective functions relate solely to distinctions in temporal or spacial expression or to unique features of the MEF2 protein forms encoded by the different genes.
Each vertebrate MEF2 gene gives rise to multiple isoforms through alternative splicing patterns that are conserved among vertebrates (5) . These splicing patterns include use of bona fide alternative exons, a splice versus no-splice option, and use of alternative splice acceptors within one exon. In contrast to extensive work on MEF2 gene and MEF2 protein regulation at the various levels noted above, the differential expression and unique roles and responses of MEF2 splicing variants have remained virtually unexplored (17) . No MEF2 protein-protein interactions or MEF2 protein modifications have been identified that involve domains unique to the splicing variants. One genetic study of splicing variants of the sole Drosophila MEF2 gene, Dmef2, has been reported (14) . No significant differences were noted in the abilities of the various DMEF2 splicing forms to rescue muscle differentiation defects in a Dmef2 mutant. However, distinctions in splicing variant function may have been obscured by the particular conditions in this study. Furthermore, Dmef2 gene structure and alternative splicing patterns are not analogous to those of the vertebrate MEF2 genes, such that these findings do not specifically inform function of the vertebrate MEF2 splicing forms.
We have initiated a systematic study of the expression and function of MEF2 pre-mRNA splicing variants. Here we describe one critical aspect of the control of MEF2C activity that is exerted by serine phosphorylation within a domain that is included or excluded through alternative splice acceptor site usage in the terminal coding exon of MEF2C. Our findings demonstrate that there are significant differences among MEF2C splicing isoforms in both expression pattern and transactivation function. They also reveal a previously unrecognized phosphorylation-sensitive MEF2 repressor domain and indicate one important mode in which MEF2C is unique among MEF2 genes.
MATERIALS AND METHODS
Plasmid construction. Plasmid sequences are available from the corresponding author. All construct sequences were verified by dideoxy sequencing (1) .
]-jun-Luc, and pCDNA-HA-MKK6 EE have been described (G. S. Yu, B. Zhu, and T. Gulick, submitted for publication). pG5Luc (Promega) was modified to include a simian virus 40 (SV40) enhancer fragment from pGL3-Enhancer (Promega) to give pG5Luc[SV40]. The coding region for constitutively active CamK IV lacking the regulatory domain (25) was generated using reverse transcription-PCR with primers 5Ј-gcgcccaagcttgccaccATGgTCAAAGTCACG GTGCCC-3Ј and 5Ј-gaggtggcggccgctttaGAGCTTCTTTTGAGCGGTATC-3Ј (uppercase letters indicate wild-type residues, lowercase letters indicate either mutations or sequence that is extraneous to the sense of interest and used in vector construction, and underlining indicates restriction sites used in subcloning or as signatures), and the HindIII-plus NotI-restricted amplicon was subcloned to give pCDNA3-CamK IV .
MEF2 coding regions were obtained using reverse transcription-PCR with human or murine heart, brain, or skeletal muscle RNA as templates. pET-MEF2C ␣2.␤ containing the human MEF2C ␣2.␤ isoform coding region has been described, as have pET-MEF2A ␣1 and pET-MEF2D ␣1 (Yu et al., submitted). Additional MEF2C isoform coding regions were obtained by fragment swapping from EST IMAGE clones 3076773 (␣1), 2009507 (␤Ϫ) and 3071011 (␥ϩ). MEF2 isoform coding regions from pET28 were introduced into pCDNA3.hygro (Invitrogen) (pCDNA-MEF2C), pM (Clontech) (pM-MEF2C), and pPac (pPac-MEF2C) (T. Gulick, unpublished data). pPac contains the CMV immediate-early promoter driving expression of the cloned insert, as well as the puromycin acyltransferase and EBNA-1 genes expressed from minimal promoters and the Epstein-Barr virus origin of replication, and is stably maintained as an episome at low copy number in mammalian cells under puromycin selection.
Combination PCR on a pET-MEF2C ␣1.␤.␥ template was used with vector and mutation-specific complementary primers for mutagenesis of the ␥-domain Ser396 and for introduction of a silent mutation to install an XbaI site immediately downstream of the ␥ domain. The forward primer 5Ј-ACCCCTTCtAGAT ACCCACAAC-3Ј was used in combination with various reverse primers, including 5Ј-GTGGGTATCTaGAAGGGGTGGTGGTACGGTCccGggGAGGtgcA ACAGGTTCTG-3Ј(S396A), 5Ј-GTGGGTATCTaGAAGGGGTGGTGGTAC GGTCTCTAGGAGGAcAAACAGG-3Ј (S396C), and 5Ј-GTGGGTATCTaGA AGGGGTGGTGGTACGGTCccGcgGAGGttcAACAGGTTCTG-3Ј (S396E). NotI-plus KpnI-restricted amplicons were introduced into pM-MEF2C ␣1.␤.␥. pM-MEF2A ␣1 ⌬372-401 was constructed using PCR on a pET-MEF2A ␣1 template with a reverse vector primer and forward primer 5Ј-cccgagCCTAGGACA AGCAGCCCTCAGCTCTCTTGTcGAcCGTATGACCCCATCG-3Ј, followed by introduction of the AvrII-plus NotI-restricted amplicon into pM-MEF2A ␣1. pM-MEF2A ␣1 S398A was created by using combination PCR with complementary primers for mutagenesis of the ␥-domain Ser398 and introduction of a silent mutation to install an XhoI site. The forward primer 5Ј-CGATTgCACCTC CTCGaGATCGTATG-3Ј was used in combination with the reverse primer 5Ј-ACGATCtCGAGGAGGTGcAATCGGTTC-3Ј and vector primers on the pET-MEF2A ␣1 template, and the AvrII-plus NotI-restricted amplicon was introduced into pM-MEF2A ␣1. Each MEF2C and MEF2A coding region mutant was also subcloned into pCDNA3.hygro.
Human MEF2C sequences 3Ј of the MADS box/MEF2 signature domain were amplified by PCR using forward primers 5Ј-cccgcgccATGGTGACGTTGAGA AAGAAGGGCC-3Ј (␣1) or 5Ј-cccgcgccATGGCATTGAACAAGAAAGAAA ACAAAGG-3Ј (␣2) and reverse vector primer on pM-MEF2C templates. NcoIand PstI-digested amplicons were reintroduced into pM-MEF2C to give pM-⌬N87-MEF2C constructs. MEF2C open reading frames with the stop codon removed were made by using PCR with a forward vector primer and reverse primer 5Ј-gcgtgtgcctgcaggTGTTGCCCATCCTTCAGAAAG-3Ј, and the NcoIand SbfI-cut amplicons were introduced into a derivative of pCDNA3 containing green fluorescent protein coding sequences to give pCDNA3-MEF2C-EGFP constructs. The MEF2C ␥ domain with or without the S396A mutation was amplified using PCR with primers 5Ј-cccgaattccccATGGCTTGCACTAGCAC TC-3Ј and 5Ј-cccgcggcggccgctttaTCTAGGAGGAGAAACAGGTTC-3Ј (␥) or 5Ј-cccgcggcggccgctttacCTAGGAGG AGcAACAGGTTC-3Ј (␥ S396A ), and the NcoI and NotI-restricted amplicons were subcloned into pM to give pM- Cultured-cell transfection. C2C12 cells were maintained and differentiated as described previously (51) . HeLa, COS, and 293 cells were maintained in Dulbecco's modified Eagle's medium (DME) with 10% fetal calf serum. Cells were split into 12-well plates 1 day prior to transfection with Superfect (Invitrogen). Triplicate wells received 1.0 g of reporter plasmid, 0.1 or 0.3 g of control reporter, and 1.0 g of expression vector(s) except where otherwise indicated, and cells were harvested for reporter activity determinations 24 to 36 h after transfection. Luciferase readings were corrected for transfection efficiency using ␤-galactosidase activity from pSV40␤Gal or Renilla luciferase activity from pRL-tk (Promega). 10T1/2 MyoD-ER cells (gift of Stephen Tapscott, Hutchinson Cancer Research Center) were maintained in DME with 10% charcoalstripped fetal bovine serum and 500 g of G418/ml. Cells were stably transfected with pPac-EGFP or the pPac-MEF2C variants and incubated in 5 g of puromycin/ml to create stable cell lines. Total cell RNA and protein were harvested at serial time points after a change to differentiation medium containing G418 and puromycin and 10 nM estradiol (E2) (Sigma) (3).
Protein analyses. Western blotting of polyacrylamide gel electrophoresis (PAGE)-separated proteins was performed with horseradish peroxidase chemiluminescence assays (ECL; Amersham). Primary antibodies recognized skeletal muscle myosin heavy chain (2) (MF20; Development Studies Hybridoma Bank, University of Iowa), ␣-actin (MAB1501R; Chemicon), the Gal4 DBD (SC510 and RK5C1; Santa Cruz Biotechnology) or MEF2C (Yu et al., submitted). Immunoprecipitations of cell protein extracts were performed with protein A Sepharose after protein solubilization in buffer containing protein phosphatase inhibitors (1). Precipitated proteins were resolved by sodium dodecyl sulfate (SDS)-PAGE and visualized using silver staining. Bands of interest were excised and submitted for extraction, tryptic digestion, and tandem mass spectrometry (MS/ MS) at the Taplin Biological Mass Spectrometry Facility at Harvard Medical School.
RNA analyses. Murine tissue and C2C12 cell RNA was isolated by conventional procedures (1) . RNA was harvested from C2C12 myoblasts daily during growth to confluence in DME with 20% fetal calf serum and daily during differentiation after cell confluence in DME with 2% horse serum. RNase protection assays (RPA) and radiolabeled cRNA probe syntheses were carried out as described previously (51) . The template for the mef2-c cRNA probe was a 186-bp BglII-to-HincII fragment from a mouse mef2-c ␥Ϫ cDNA subcloned into pBS-SK (Stratagene). (46, 47) , were established by us (Yu et al., submitted), or can be inferred from genomic and cDNA sequences in GenBank. All but MEF2B have highly similar gene structures and alternative splicing patterns among coding exons ( Fig. 1A and B) . In each case, coding exon 1 encodes part of the MADS box, while exon 2 encodes the carboxy terminus of this domain and the adjacent MEF2 signature (5). Alternative third exons 3␣1 and 3␣2 are present in each gene, as is a short exon ␤ between exons 6 and 7 that is variably included in mRNAs. MEF2D is unique in having one extra coding exon (exon 10) at the 3Ј end of the gene. Domains encoded by the alternative ␣ and the ␤ exons of these MEF2 genes have similar primary structures.
MEF2C also has an alternative cryptic splice acceptor within exon 9, and we designated the region excluded by use of this alternative ␥. Nucleotide sequences within and directly flanking MEF2C ␥ are Ͼ98% conserved among vertebrates (Fig.  1C ). In the other vertebrate MEF2 genes and Drosophila Dmef2, nucleotide sequences within the last coding exon do not conform to a splice acceptor (Fig. 1D ), such that alternative splicing of this kind is unique to MEF2C. This said, other MEF2 forms and particularly MEF2A have a region that is similar to MEF2C ␥. In summary, MEF2A and MEF2D mRNAs each have four potential distinct coding regions. We refer to these and their cognate encoded protein isoforms as ␣1, ␣1.␤, ␣2, or ␣2.␤ based on their composition with respect to alternative domains. By contrast, there are eight potential MEF2C variants, half of which exclude (␥Ϫ) and half of which include (␥ϩ) a ␥ domain (Fig. 1B) .
MEF2C splicing isoforms have distinct transactivation capacities. MEF2 mRNAs and MEF2 proteins are widely expressed, yet MEF2 target gene expression is highly restricted (5, 11, 41) . This discordance led us to consider selective temporo-spacial expression and differential functions of the splicing variants. To begin to explore this, we tested the activities of the eight MEF2C splicing isoforms on MEF2-responsive reporters in cotransfected cells. COS cells were used in these studies because endogenous MEF2 factor expression and activity are low in this cell type. Results of a representative experiment using a reporter containing three copies of the CPT-IB gene MEF2 element upstream of a minimal HSV tk promoter ([MEF2 CPT-IB ] 3 -tk-Luc) are shown in Fig. 2A . Each of the four MEF2C isoforms lacking the ␥ domain (␥Ϫ) was substantially more transcriptionally active than the corresponding ␥ϩ form. The influence of ␥ was independent of the alternative ␣ or ␤ domains. The activity ratio of ␥Ϫ to ␥ϩ MEF2C forms in common ␣ and ␤ contexts (e.g., ␣1.␤/␣1.␤.␥ or ␣2/␣2.␥) averaged ϳ8 in a series of COS cell transfections. Immunoblots of transfected-cell extracts using a MEF2C-specific antibody (Yu et al., submitted) confirmed that the different isoforms were expressed to equivalent levels (Fig. 2B ). Similar distinctions in activities of MEF2C isoforms were apparent when using reporters containing promoters or isolated MEF2 elements from the CPT-IB, MEF2A, or c-jun (16) genes (data not shown). Thus, differences in transactivation given by MEF2C isoforms were MEF2 element and promoter context independent and was not attributable to differential expression or stability.
Transcriptional activity and responses to signaling mediated by MEF2 elements can depend on the composition of MEF2 proteins bound to a target element (41, 53) . We found that MEF2C splicing variants, including the ␥ϩ and ␥Ϫ isoforms, 3 -tk-Luc, whereas the ␥ϩ form alone induced reporter activity that was less than 10-fold above basal activity (Fig. 2C) . Intermediate responses were seen with forced expression of the two forms together, indicating that neither form is dominant and that no unexpected novel transcriptional activity stems from MEF2C splicing isoform coexpression. MEF2C ␥ domain function is cell type independent. MEF2C isoforms were expressed as Gal4p DNA binding domain (Gal4 DBD ) fusions in tests of transactivation of a Gal4-responsive reporter (pG5Luc). In this one-hybrid system, differences in transactivation produced by the various Gal4 DBD -MEF2C fusions recapitulated those of the native MEF2C isoforms. Specifically, Gal4 DBD -MEF2C ␥Ϫ isoforms gave ϳ20-foldhigher activity than the corresponding ␥ϩ form in transfected COS cells (Fig. 3A) . In a series of transfections, each fusion protein containing the ␥ domain activated the reporter only slightly above the basal activity in cells expressing the Gal4 DBD alone (2-to 10-fold, depending on transfection conditions). Taken together with the potent transactivation given by each ␥Ϫ isoform, a capacity for a wide dynamic range of function among the MEF2C splicing isoforms was evident. As for the native MEF2C forms, an influence of the ␥ domain was seen in each alternative ␣ and ␤ context in these fusions, and distinctions in activity were not attributable to differences in levels of expression (Fig. 3B ). These observations suggest that the presence or absence of ␥ does not control MEF2 transcriptional activity via cis effects on formation of a ternary DNA-bound complex. Specifically, ␥ does not appear to act to blunt MEF2C function by interfering with DNA binding or MEF2 dimerization, nor does deletion of the ␥ domain give amplified transactivation through enhanced dimerization or DNA binding affinity.
Having validated the one-hybrid system as an approach for evaluation of MEF2C splicing isoform function, we examined whether distinctions in transactivation generalized to cell types in which MEF2 proteins are endogenously expressed. In HeLa (41) and 293 HEK (53) cells, the pattern of Gal4 DBD -MEF2C isoform fusion activities was identical to that seen in COS (data not shown). Thus, all isoforms containing the ␥ domain were substantially less active than the corresponding ␥Ϫ forms in activating pG5Luc. Some subtle differences in Gal4 DBD -MEF2C fusion activities were apparent among the cell types. For example, ␥ϩ forms gave higher activity relative to the Gal4 DBD control in both 293 cells and C2C12 myoblasts than in COS cells. In addition, in C2C12 cells transfected during serum withdrawal-mediated differentiation to myotubes, distinctions in transactivation produced by the ␥Ϫ versus ␥ϩ isoform fusions were less pronounced than in C2C12 myoblasts or nonmuscle cell types (Fig. 3C) . Nonetheless, transactivation by the ␥ϩ isoforms was much lower in all cell types tested, including myocytes. mef2-c is expressed predominantly as ␥؊ splicing isoforms. The relative abundance of mef2-c splicing isoforms among murine tissues was examined using RPA. The cRNA probe used to detect ␥ domain isoforms spanned the mef2-c exon 8-9 junction of a ␥Ϫ murine mef2-c cDNA (Fig. 4A) . In all tissues examined, including skeletal muscle, heart, and brain, where relatively high mef2-c mRNA expression levels were seen, ␥Ϫ mRNAs were more abundant than ␥ϩ messages (Fig. 4B) . The ratio of ␥Ϫ to ␥ϩ mRNA was similar among tissues studied, with the exception of heart tissue, where abundant ␥Ϫ message was apparent in the absence of detectable ␥ϩ mRNA. All combinatorial alternative splicing events related to the ␤ and ␥ domains were evident in tissue mRNAs based on RPA with additional probes (data not shown). We also measured the expression of mef2-c splicing isoform mRNAs in cultured C2C12 cells after serum withdrawal to determine if the ratio of ␥Ϫ to ␥ϩ mRNA was dynamic during myocyte differentiation.
Here, total mef2-c mRNA gradually increased from undetectable to high levels and, as in tissues, ␥Ϫ mRNAs predominated. The ratio of ␥Ϫ and ␥ϩ message was constant among these RNA samples (Fig. 4C) . However, our results cannot exclude the possibility of predominant expression of ␥ϩ MEF2C message, or a dynamic ratio of ␥Ϫ to ␥ϩ forms, in tissues or developmental stages not examined here. MEF2C ␥ domain Ser phosphorylation controls its function. Although mRNAs for the various MEF2 alternative splicing isoforms are clearly expressed, the existence of cognate proteins has not been established. We used MS/MS of proteolytic digests of immunoprecipitated MEF2C isoforms to confirm the existence of the variants and for analysis of their modification. These studies and those with overexpressed MEF2 fusions revealed several previously unreported MEF2 phosphoserine and phospho-threonine residues. Among these was a modified Ser residue within the MEF2C ␥ domain corresponding to position 396 of the ␣1.␤.␥ isoform (Fig. 5A) . The identical tryptic fragment lacking Ser modification was also identified in samples (Fig. 5B) , despite preparation of samples in the presence of a cocktail of protein phosphatase inhibitors.
To examine the influence of ␥-domain Ser phosphorylation (C) RPA using total RNA harvested from C2C12 cells undergoing differentiation. Numbers reference days prior to or after cell confluence, at which time medium serum was changed from 20% fetal calf serum to 2% horse serum. Reactions each included 5 g of RNA.
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at this residue, the transactivation function of point mutants of MEF2C ␣1.␤.␥ (␥ϩ) were tested in transfected COS cells. Initially, S396 was mutated to either Ala or Cys to destroy the phosphorylation potential. In the one-hybrid system, the Gal4 DBD -MEF2C ␣1.␤.␥ S396A and -.␥ S396C fusions activated pG5Luc more than 50-fold compared to only 4-fold for the analogous wild-type ␥ϩ fusion (Fig. 6A ) despite comparable expression levels (Fig. 6B) . Similar results were obtained in tests of mutations in the native MEF2C ␣1.␤.␥ context. Thus, the [MEF2 CPT-IB ] 3 -tk-Luc reporter was activated 20-to 30-fold by MEF2C ␣1.␤.␥ S396A compared to only 3-fold by the wildtype ␥ϩ form (Fig. 6C) . Augmentated transactivation by these mutants was apparent in all cell types examined, including C2C12 cells. ␥ϩ S396E mutants were not less transcriptionally active than the analogous wild-type forms, suggesting that substitution of an acidic Glu residue did not effectively mimic the phosphoserine. Nonetheless, these findings indicate a critical role for phosphorylation of Ser 396 in ␥-domain-mediated transcriptional dampening. MEF2C ␥-domain function is independent of calmodulin and MAPK signaling and of the MADS and MEF2 domains. MEF2 factor transactivation functions are known to be regulated by signaling through MAPK and calcium-calmodulin kinase (CaMK) pathways (Fig. 7A ). MEF2A and MEF2C are direct substrates for p38 ␣ and ␤ (49, 53) and Erk5 (18) MAPK, and the respective phosphorylations enhance MEF2 transactivation function. Recognized substrate sites for these enzymes are within regions of MEF2A and MEF2C transactivation domains that are common to all splicing isoforms. CaMK IV activity influences MEF2 protein function indirectly through phosphorylation of class II histone deacetylase (HDAC) proteins to dissociate sequestered MEF2 from a complex with HDAC (30) .
We next examined whether ␥-domain Ser phosphorylation involved these previously recognized pathways of MEF2C functional regulation. One-hybrid studies of Gal4 DBD -MEF2C isoform fusions were conducted with 293 cells cotransfected with pCDNA-MKK6 EE or pCDNA-CaMK IV 1-317 , expressing FIG. 5 . A MEF2C ␥-domain Ser is phosphorylated. Extracts were harvested from COS-7 cells transfected with pCDNA-Gal4 DBD -MEF2C isoforms in the presence of phosphatase inhibitors. Overexpressed fusions were immunoprecipitated and resolved on SDS-PAGE. Proteins extracted from gel slices were trypsinized, and resulting fragments were resolved using high-performance liquid chromatography and identified by MS/MS. The ␥-domain tryptic fragment SEPVSPPR with (A) and without (B) Ser phosphorylation was detected. Insets show tabular data of detected peptide fragment masses. The MEF2C Ser phosphoacceptor corresponds to residue 388 of the ␣1.␥ form, 396 of ␣1.␤.␥, 386 of ␣2.␥, and 394 of ␣2.␤.␥. (25), respectively. After transfection, cells were incubated in the presence or absence of the p38 and CaMK IV inhibitors SB203580 and KN62 (8) . As shown in Fig. 7B , p38 signaling activity regulated the transactivation functions of ␥ϩ and ␥Ϫ Gal4-MEF2C fusions, as well as that of the ␥ϩ Ser mutant, to a similar degree on the pG5Luc reporter. This was consistent both with the fact that the p38 ␣/␤ docking domain (49) is present in all MEF2C splicing isoforms (Fig. 7A ) and with the isolation of both ␥Ϫ and ␥ϩ partial cDNAs in the original two-hybrid screen that identified MEF2C as a p38 substrate (15) . CamK IV signaling activity also controlled the transactivation function of each isoform and the ␥ S396A mutant comparably (data not shown). Furthermore, distinct activities of the isoforms and this mutant were maintained in cells incubated in medium supplemented with both SB203580 and KN62. Thus, modification of MEF2C by p38 MAPK or CaMK IV is neither responsible for nor prerequisite to ␥ Ser phosphorylation. One-hybrid studies using Gal4 DBD -MEF2C isoform fusions devoid of the N-terminal 87 amino acids of the MADS box and MEF2 signature (⌬N87 MEF2C) were used to determine if ␥ function involved these domains (Fig. 7C) . In transfected COS cells, the ⌬N87 MEF2C fusions produced more robust transactivation than the corresponding full-length MEF2C fusions, probably due to relief from HDAC interactions. However, activation of pG5Luc by the ⌬N87 MEF2C ␥-and ␥ϩ Ser mutant fusions was again much higher than that by the corresponding ␥ϩ fusion (Fig. 7D) . In transfected C2C12 cells, the basal activities of ⌬N87 isoform fusions were lower than the full-length constructs, perhaps resulting from loss of interactions with myogenic bHLH factors or an important subset of transcriptional coactivators (data not shown). However, independence of ␥-domain function from the MADS box and MEF2 domains was also apparent. These findings confirmed that ␥ does not regulate or require dimerization or DNA binding by intrinsic MADS and MEF2 domains. Further, mechanistic roles for numerous previously described protein interactors with the MADS box and MEF2 signature domain are excluded (19, 21, 22, 31, 33, 34, 45, 50) .
FIG. 6. MEF2C ␥-domain Ser phosphorylation controls its function. (A) COS-7 cells were cotransfected as described in the legend to
The constitutive MEF2A ␥ domain functions as MEF2C ␥. We defined the amino-terminal limit of the ␥ domain of MEF2A as the residue encoded at the 5Ј end of coding exon 9, since the amino acid sequence alignment between the gene forms in this region was somewhat ambiguous. By contrast, a high degree of sequence similarity is apparent between the respective ␥ carboxy termini (Fig. 8A) . To determine if the ␥ domain of MEF2A also acts to limit transactivation, we compared the transactivation function of Gal4 DBD fusions of MEF2A ␣1 to that of a construct in which residues 372 to 401 (the putative MEF2A ␥ domain) were deleted (pM-MEF2A ␣1 ⌬372-401 ). As shown in Fig. 8B , this artificial ␥Ϫ MEF2A fusion produced a ϳ20-fold-higher level of stimulation of pG5Luc than the wild-type MEF2A form. Further, mutation of MEF2A ␣1 Ser 398, analogous to MEF2C ␣1.␤.␥ Ser 396, also produced marked enhancement of MEF2A activity. Thus, ␥ domain function and the effects of ␥ Ser phosphorylation are evident in both MEF2C and MEF2A. Less conspicuous sequence similarity in the related regions of MEF2D, MEF2B, and DMEF2 (Fig. 8A) leave it uncertain as to whether a FIG. 7 . ␥-Domain function is independent of p38 MAP and calmodulin kinase signaling and of the MADS box and MEF2 domains. (A) Schematic of known sites of MEF2C phosphorylation (black dots) and of protein kinase, class II HDAC, transcription factor, and coactivator interaction domains (solid bars). The MADS and MEF2 domain interaction with HDAC proteins is abolished with CamK IVmediated phosphorylation of HDAC. (B) 293 HEK cells were cotransfected with pRL-tk, pG5Luc, the indicated pM-MEF2C isoform fusions, and with or without pCDNA-MKK6 EE , followed by incubation in the presence or absence of SB203580 prior to harvesting for analysis as described for functional ␥ domain exists in these proteins. However, the activities of analogous ␥ϩ isoforms of MEF2C (␣1.␥) and MEF2A and MEF2D (each ␣1) were low and similar, confirming that the MEF2C ␥Ϫ isoforms have uniquely strong activity among the various MEF2 gene and splicing forms (Fig. 8B) . MEF2C ␥ functions autonomously as a repressor domain. Transrepression of MEF2-responsive reporters by ␥ϩ isoforms of MEF2C was not seen in our studies in any of a wide variety of cells. This suggested either that ␥ is not a repressor domain per se but provides for negative modulation of MEF2C transactivation or, alternatively, that an authentic ␥ repressor function is masked by more-potent activation domain activities of MEF2 under the conditions studied. The latter conclusion was supported by investigations with a fusion of the isolated 32-amino-acid ␥ domain to the Gal4 DBD (Fig. 9A) . Consistent with this observation, MS/MS detected ␥ Ser phosphorylation in the Gal4 DBD -[␥] MEF2C protein (data not shown). Immunoblots of transfected cells showed that the fusions were stable and were expressed to similar levels (Fig. 9B) . Thus, our findings are most consistent with autonomous repression by ␥, mediated in trans and controlled by a modification of a Ser residue within ␥ that requires only ␥-domain residues.
Myogenic conversion of progenitor cells is differentially controlled by MEF2C splicing isoforms. Functional synergism between MEF2 proteins and myogenic basic helix-loop-helix (bHLH) factors, such as MyoD and myogenin, is well established. Interaction between members of these two families occurs at several levels, including transcriptional cross talk and direct protein-protein interaction (34, 47) . Although the latter occur via the MADS and MEF2 domains, which are common to all MEF2 splicing variants, we speculated that the dramatically different transactivation functions of the MEF2C ␥Ϫ and ␥ϩ isoforms could ramify on myogenic potential. We used 10T 1 / 2 cells transformed with a retrovirus directing expression of a MyoD-estrogen receptor fusion protein (MyoD-ER) (3) to address this question. Estrogen (E2)-dependent MyoD nuclear localization and function are exerted in these cells, providing a system for testing of MEF2C splicing isoforms in the synergistic induction of myogenesis.
MyoD-ER 10T 1 / 2 and control 10T 1 / 2 cells were stably transfected with episomally maintained vectors expressing either the MEF2C ␣2.␤ isoform, the ␣2.␤.␥ variant, the ␣2.␤.␥ S394A mutant, or enhanced green fluorescent protein (EGFP) as a control. Endogenous MEF2C protein was undetectable in immunoblots of extracts from the MyoD-ER control cell line stably expressing EGFP. The MEF2C forms and the ␥-domain mutant were stably overexpressed to identical high levels with this system (Fig. 10A) . The various cell lines were then incubated in medium with or without E2 supplementation to test for MEF2C isoform effects on myogenesis. None of the stably transfected control 10T 1 / 2 cell lines differentiated under any condition studied, as expected (data not shown). By contrast, E2 treatment of the MyoD-ER cells produced clear changes in cell morphology. The rate of morphological change in appear- ance and of mRNA and protein markers of muscle phenotype differed significantly among cells overexpressing the MEF2C variants. Thus, obvious synergy between MyoD-ER and MEF2C in inducing skeletal muscle myosin heavy chain protein was seen in cells expressing the MEF2C ␣2.␤ (␥Ϫ) form, but this was barely apparent in those expressing the ␥ϩ variant (Fig. 10B) . Cells overexpressing MEF2C ␣2.␤.␥ S394A showed E2-dependent myogenesis with a time course similar to that of the ␥Ϫ-expressing cells (Fig. 10C) . Taken together, this confirmed attribution of the distinct kinetics of myogenesis to both the ␥ domain and its Ser phosphorylation. Since MyoD and other myogenic bHLH factors activate mef2-a and mef2-c transcription (44, 47) , this system undoubtedly understates functional differences in the MEF2C splicing isoforms. Nonetheless, the biological impact of distinctions in MEF2C splicing isoform transactivation functions is shown categorically.
DISCUSSION
Splicing variants of the various MEF2 gene transcripts are long established, in some cases having been identified during the original cDNA cloning effort (5, 7, 27, 29, 42, 52) . Despite this fact, with the exception of PCR-based semiquantitation of tissue expression of the alternative mRNAs, there has been little information reported as to distinct expression or functions of the various MEF2 splicing isoforms (17) . Here we have presented one such distinction that involves the convergence of alternative MEF2C pre-mRNA splicing with MEF2C protein modification. The encoded alternative splicing variants include or exclude a trans-acting repression domain whose function depends on serine phosphorylation.
Our work clearly demonstrates that ␥-domain transrepression function is autonomous, i.e., does not involve cis effects on other MEF2 protein functions outside of the domain. Further, ␥ activity does not involve previously characterized MEF2 interactions or modifications. The precise mechanism for repression remains to be elucidated. Among several possibilities, we favor ␥ phosphoserine-dependent recruitment of a transcriptional corepressor, perhaps by phosphorylation-induced changes in conformation or electrostatic interactions. This would not involve the previously described MEF2 interaction with class II HDAC corepressors, since this has been mapped to the MADS and MEF2 signature domains (31) . As one alternative, ␥ may directly interfere with RNA polymerase II complex assembly or initiation. Although ␥ phosphoserinedependent displacement of a coactivator interaction may play some role, this as an exclusive mechanism cannot be reconciled with the transcriptional repression shown by the isolated ␥ domain in the Gal4 DBD -[␥] MEF2C fusion. In any case, previously described MEF2 coactivators are not relevant, since p300 (45) and PGC1 (22) interact with the MADS box and MEF2 signature domain, both of which are functionally independent of ␥, and the SRC-MEF2 interaction is retained in carboxyterminal deletion mutants of MEF2 lacking ␥ (19) .
The demonstrated autonomy of ␥-domain transrepression function does not exclude the possibility that ␥ can control or modulate additional MEF2 functions. However, our studies did not detect any such activities. In particular, we saw no evidence for distinctions between ␥ϩ and ␥Ϫ forms in terms of DNA binding or dimerization, in protein accumulation or degradation when overexpressed in any of a variety of cell types, or in subcellular or subnuclear localization of MEF2C isoform-EGFP fusions (unpublished data). Further, the magnitude of control of MEF2 transactivation function exerted by p38 MAPK or CaMK IV signaling was not substantially different among the MEF2C splicing variants. This said, the transrepression function of ␥ was more pronounced in the homologous MEF2 protein context than in isolation, and this may relate to additional roles for this domain.
MS/MS analyses detected MEF2C tryptic fragments containing both phosphorylated and unmodified ␥-domain Ser (Ser396 of the ␣1.␤.␥ isoform). While fragments with an unmodified residue could have resulted from dephosphorylation of a constitutively modified Ser residue during sample isolation and processing, we favor a scenario in which there is regulated Primary sequence near the MEF2C ␥ phosphoacceptor site suggests that this is a substrate for proline-directed Ser/Thr protein kinase(s) of the mitogen-activated or cyclin-dependent kinase families. Indeed, there is a recent report of cdk5-mediated phosphorylation of MEF2D in neurons at a residue that corresponds to the MEF2C ␥ Ser phosphoacceptor discussed in our work (13) . While we cannot dispute a role for cdk5 in controlling the activity of MEF2D and perhaps other MEF2 isoforms in neurons, activity of this enzyme is considered by most to depend on the p35/p39 coregulators that are expressed exclusively in cells of this tissue (10) . Our findings suggest a role for signaling through one or more protein kinases other than cdk5, including enzyme(s) expressed and active in both proliferating and quiescent cells derived from various tissues, including muscle. We saw no significant increase in transactivation by MEF2C ␥ϩ isoforms in cells incubated with various inhibitors of MAP-or cyclin-dependent kinases, such that modification of the ␥-domain Ser by multiple different protein kinases appears likely.
Specificity of at least some protein kinases is conferred by a kinase docking site on the target in combination with appropriate phosphoacceptor site(s) (49) . Thus, for example, all products of the four vertebrate MEF2 genes have potential Thr phosphoacceptors in a conserved region carboxy-terminal to the ␤ domain, but only those in MEF2A and MEF2C are targets of p38 ␣/␤ MAPK (53) . A p38 docking domain immediately amino-terminal to ␤, present in MEF2A and MEF2C, is required for kinase-mediated Thr modification (49) . The existence of Ser phosphorylation in the Gal4 DBD -[␥] MEF2C fusion expressed in transfected cells suggests that ␥ alone may be sufficient to dock with the relevant kinase(s) that modify ␥ Ser. However, the primary structure of ␥ shows no signficant similarity to other proteins, such that no hint is given as to the identity of the modifying enzyme(s) that might interact here. Alternatively, protein kinase(s) that modify the ␥ Ser residue may actually interact with the MEF2 holoprotein at a site remote from ␥. In this case, our detection of Ser phosphorylation of the overexpressed isolated ␥ (in the Gal4 DBD -[␥] MEF2C fusion) may simply reflect the promiscuous activities of various Pro-directed Ser/Thr kinases.
Given our data, the previously described phenomenon of stimulation of myogenesis by cdk5 activity (20) appears unlikely to involve MEF2 factors directly. However, there are several ways in which this reported observation could be reconciled with cdk5 induction of repressor activity within the ␥ domain of MEF2 factors. Our finding that MEF2C is expressed predominantly as ␥Ϫ isoforms provides one intriguing possibility, particularly if there is compensatory induction of MEF2C gene expression in a setting of cdk5-mediated downregulation of MEF2A and MEF2D activities.
A region with primary structure similar to that of MEF2C ␥ is constitutively present in all splicing isoforms of MEF2A, and we have shown that this domain functions like that of MEF2C. Alignment of MEF2 protein sequences suggests that MEF2D may also have a ␥ domain as well as the phosphoacceptor Ser (Fig. 8A) . Consistent with this, we show that transactivation by MEF2D and MEF2A forms is similar to MEF2C ␥ϩ factors, i.e., that MEF2C ␥Ϫ forms are uniquely potent. As a consequence, the MEF2C gene is likely to have novel functions compared to MEF2A and MEF2D. Specifically, MEF2C alone encodes variants that are able to escape ␥ Ser phosphorylationmediated repression that restrains net transactivation capacity. We speculate that this may explain several enigmatic findings in genetic models and systems previously used to evaluate MEF2 functions. For example, disruption of mef2-c is lethal early in murine embryogenesis (24) , whereas mef2-a disruption allows survival beyond birth and a selective muscle mitochondrial defect (37) . In each case, expression of the mef2 genes that are not disrupted is upregulated. The selective failure of adequate compensation for loss of mef2-c by either upregulation or forced expression of products of other mef2 genes (24) may be a consequence of absence of ␥Ϫ forms of mef2 genes other than mef2-c. We also propose that discordance between MEF2 mRNA and MEF2 protein expression levels or MEF2 target gene expression observed among cell types and tissues (11, 41) is partially accounted for by differential expression of splicing isoforms, including MEF2C ␥Ϫ forms.
The 32-amino-acid ␥ domain of vertebrate MEF2C proteins is present or absent depending on alternative splice acceptor site usage in the last exon. Carboxy-terminal residues of the ␥ domain, conserved in MEF2C, MEF2A, and MEF2D, are Ser-.Pro.(Pro or Ser).Arg, and it this region that is encoded by the cryptic splice acceptor of MEF2C (Fig. 1D) . No unusual codon usage is present in any of the MEF2 gene forms here, and the critical difference in MEF2C involves only the Arg codon (AGA in MEF2C, CGN in MEF2A and MEF2D). This simple substitution creates a splice acceptor in MEF2C with an intron/ exon boundary between the second and third residues of the codon. The absence of this cryptic acceptor in MEF2A and MEF2D or in lower eukaryotic genes suggests that acquisition of alternative splicing to give the ␥Ϫ variant is a relatively recent evolutionary event. The other possibility, that ␥ϩ versus ␥Ϫ alternative splicing was lost during evolution, appears much less likely, since products of the single MEF2 gene in lower eukaryotes show greatest similarity to those of vertebrate MEF2A, the likely primordial vertebrate MEF2 gene. Although Drosophila mef2 transcripts are alternatively spliced within coding exons (14) , Dmef2 gene structure does not resemble that of vertebrate MEF2 genes. We have not yet determined if DMEF2 is a substrate for phosphorylation at the Ser residue corresponding to vertebrate MEF2 ␥ Ser (e.g., MEF2C ␣1.␤.␥ S396) (Fig. 8A) . Even if so, however, Dmef2 alternative splicing does not impact inclusion of this site.
The cryptic acceptor in MEF2C coding exon 9 giving ␥Ϫ forms is used preferentially in the tissue and cultured cell samples examined. We favor the possibility that the relative VOL. 24, 2004 SPLICING AND SIGNALING CONVERGE TO REGULATE MEF2C 8273
on September 8, 2017 by guest http://mcb.asm.org/ abundance of MEF2C ␥ϩ to ␥Ϫ forms may vary at developmental stages, tissues, or conditions not examined here, as is implied by the complete absence of ␥ϩ forms in adult heart. The conservation of nucleotide sequence within and immediately upstream of ␥ among known vertebrate MEF2C genes is remarkable and suggests that critical determinants of splicing are contained within this short region. Both exon 9 splice acceptors conform well to consensus and lack obvious distinguishing features. If there is largely unregulated preferred use of the cryptic acceptor, a bias of U2AF binding to the downstream polypyrimidine tract or SF1 interaction with the respective branchpoint is likely. Regulated use of the two acceptors would be reminiscent of alternative splicing control by Sx1 or PTB, which can function to selectively displace U2AF from the polypyrimidine tract of one alternative 3Ј splice site (6) . In either case, the regulation of MEF2C splicing is likely to be very complex, since there is covariation of splicing events involving MEF2C exon ␤ (between exons 6 and 7) and the exon 9 alternative splice acceptors (unpublished data). Given the profound distinctions in MEF2C ␥Ϫ and ␥ϩ isoform activities and the selective potential for control of the latter by phosphorylation, factors and RNA elements critical to this process are of direct relevance to MEF2 target gene expression. This report is the first in a series that will address MEF2 alternative splicing and the functions and regulation of the encoded isoforms. Findings presented here make clear that consideration must be given to splicing isoforms when examining functional distinctions among products of the different vertebrate MEF2 genes. We have demonstrated that alternative splicing is critical to the regulation of MEF2C activity and illustrated one way that this converges with protein modification to provide complex combinatorial control of this transcription factor. This work does not challenge previously reported observations regarding posttranscriptional control of MEF2 proteins but introduces one additional crucial level of complexity in the regulation of this important class of transcription factors.
